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I. INTRODUCTION
For power transmission, a step-up transformer is usually used in the photovoltaic (PV) power plants to feed the solar energy to a medium voltage grid (e.g., 6-36 kV). The power transformers operated at frequencies of 50 or 60 Hz are heavy, large, and inefficient in many cases. For example, the volume and weight of a 0.4/36 kVA, 1 MVA vacuum cast coil transformer are about 4.3 m 3 and 3250 kg, and the no-load and full-load losses are 3.1 kW and 11.5 kW, respectively. These penalties are critical in remote PV power plants, where the costs of installation and regular maintenance are high. Therefore, modular multilevel cascaded (MMC) medium voltage inverter for step-up-transformerless direct grid integration of PV systems has attracted a high degree of attention, 1,2 since the commercial installation of medium/large-scale PV power plants in 2007. However, the MMC inverter requires multiple-isolated and balanced DC sources.
Compared with the power frequency transformers, the medium frequency (in the range of a few kHz-MHz) transformer-links have much smaller and lighter magnetic cores and windings, and thus, much lower costs. In 2012, multiple isolated medium-frequency-link based mediumvoltage inverter was proposed. 1 In the proposed configuration, the voltage balancing is a challenging issue, since each H-bridge cell is connected to a PV array through a DC/DC converter. Another common DC-link based approach was also proposed in 2012. 2 The design may reduce the voltage imbalance problem in the grid side. However, the generation of common DC-link voltage from different PV arrays makes the inverter operation complex and limits the range of maximum power point tracking (MPPT) operation.
In this paper, a common medium frequency magneticlink (instead of common DC-link) is proposed to minimize voltage imbalance problem with a wide range MPPT operation. The common magnetic-link generates isolated and balanced multiple DC supplies for all of the H-bridge inverter cells of the medium voltage MMC inverter, which inherently overcomes the common mode and voltage imbalance problems. The elimination of common DC-link by common magnetic-link enables a wide range MPPT operation with independent controllability. To verify the feasibility of the new concept of common medium frequency magnetic-link based medium-voltage PV inverter, a scaled down 1.73 kVA multiple-output medium frequency magnetic-link is developed. The link was tested experimentally with 1 kV inverter system and satisfactory results were found. This paper presents the overall design and analysis of the proposed magnetic-link. The electromagnetic characteristics of alloy 2605S3A are also compared with that of alloy 2605SA1. 3 
II. ELECTROMAGNETIC DESIGN
Taking into account the operating frequency of commercially available power semiconductor devices, a frequency window in the range of 1-20 kHz is considered for the proposed system. Soft ferrites have high resistivity for medium/ high frequency applications, but the low saturation flux density (only 0.3-0.5 T) limits their application in large power transmission. Silicon steel sheets have high saturation flux density for high power applications, but they cannot be used in medium/high frequency applications due to their low resistivity and eddy current loss. The amorphous alloy and nanocrystalline magnetic materials have excellent magnetic characteristics, such as high permeability, high saturation flux density, and relatively low core losses at medium/high frequency range. [3] [4] [5] (2014) nanocrystalline materials are Metglas and Finemet, which are manufactured by Hitachi Metals, Japan. Although, Finemet has lower specific core loss than Metglas, its saturation flux density (about 1 T) is much lower than that of Metglas, which is up to 1.56 T. Taking into account the flux density, specific core loss, and cost, the magnetic alloy 2605S3A has been chosen as a core material.
According to power inverter rating, the magnetic-link specifications, such as the rated power, frequency, excitation current, and voltage, are calculated. From the specifications of magnetic-link and data sheets of core materials, magneticlink initial parameters are calculated. These parameters are used as initial values of the optimization process. Different factors are considered during the design process, such as the winding dimensions, hole reserve for natural cooling, maximum temperature limits, maximum power loss, availability of core material stripe dimensions (standard available widths in the range of 2.5 mm-50 mm and thickness of 20 lm), parasitic parameters, skin and proximity effects, and possibility to induce identical voltage in multiple secondary windings. For simplicity of the winding process, a toroidal structure core is adopted. Finally, the inner and outer diameters, and height of the core were chosen as 6.5 cm and 10.5 cm, and 25 mm, respectively. Therefore, magnetic alloy 2605S3A stripe of 20 lm thickness and 25 mm width is used to develop the core. The other parameters of this magnetic alloy are the impedance permeability at 1, 6, and 10 kHz is about 0.0207, 0.0199, and 0.0196 H/m, respectively, and the electrical resistivity, curie temperature, and saturation magnetostriction of magnetic alloy 2605S3A is 138 lX cm, 358 C, and 20 ppm, respectively. The transformer has 14 turns for the primary winding and 25 turns for each secondary winding. To minimize the proximity effect, Litz wires are used for windings with single layer placement. The transformer has 13 and 3 insulated strands for primary and secondary windings Litz wires with a strand diameter of 0.4 mm. The Metglas sheet was glued with Araldite on the surface of each layer, providing both the electrical insulation and mechanical bonding. The core volume and mass are 133.52 cm 3 and 0.98 kg. Figure 1 shows the photo of the final magnetic-link.
III. EXPERIMENTAL INVESTIGATION
In order to generate balanced multiple sources as required by the inverter, the voltage transformation ratios of all secondary windings versus the primary should be identical. The ratios were measured and they were found highly consistent with theoretical value, which is 1.781 with a variation of less than 60.08%. The primary and secondary winding DC resistances were obtained at 0.0235 X and 0.1630 X, and they were found highly consistent with the theoretical values, which are 0.0233 X and 0.1620 X, respectively. The magnetic-link is excited by a medium frequency square wave primary voltage, which is generated by a Semikron compact insulated gate bipolar transistor module SK30GH123 (can be operated up to 20 kHz) based full-bridge inverter supplied by a DC voltage source.
From Faraday's law, the magnetic flux density, B, is calculated by measuring the open circuit terminal voltage of the pick-up coil (Secondary-D coil). The dependence of core loss on flux density was measured when the flux densities changed from 0.14 T to 1.3 T; they were also compared with the core loss of magnetic alloy 2605SA1. The measured specific core loss of magnetic alloy 2605S3A was 92 W/kg at 10 kHz square wave excitation of magnitude 0.73 T as shown in Figure 2 , while the specific core loss of 140 W/kg was measured with alloy 2605SA1 based magnetic-link. In comparison with alloy 2605SA1, 2605S3A shows about 35% less core loss at 10 kHz. The measured specific core loss of alloy 2605S3A was 55 W/kg at 6 kHz square wave excitation of magnitude 0.73 T, while the specific core loss of 69 W/kg was measured with alloy 2605SA1. Compared with magnetic alloy 2605SA1, 2605S3A shows about 20% less core loss at 6 kHz. Figure 3 shows the dependence of core loss on excitation frequency. It is observed that the specific core loss of alloy 2605S3A is lower than that of 2605SA1 when the excitation frequency is above 750 Hz.
From the Ampere's law, the field intensity, H, is calculated by measuring excitation current in the "Primary-P" coil. The primary winding was excited with different magnitude of currents at 12 kHz excitation. The B-H loops are plotted based on experimental data with excitation currents of 3 and 5 A, as shown in Figure 4 . At 5 A, the maximum flux density is about 0.8 T with field intensity of about 800 A/m, which satisfy the design requirements. It is also observed that the maximum flux density is stable for a temperature range of 23-120 C. Figure 5 plots the B-H loops of magnetic alloy 2605S3A at various temperatures. The B-H loops were also plotted at different frequencies, as shown in The total losses (core loss plus copper loss) measured from each secondary winding are very close to each other. For example, the total losses of all secondary winding A-B is 70.50, 70.80, 71.00, 70.73, 70.62, and 71.02 W, respectively, with a 0.5 A excitation current at 10 kHz. This is obligatory to generate balanced multiple sources. The six secondary windings were connected to a 3-phase 5-level inverter with an excitation frequency of 10 kHz. The output line voltage of prototype inverter was measured. The result demonstrates that the voltages from the magnetic-link are balanced, and it overcomes the limit of MPPT operation.
IV. CONCLUSION
A magnetic-link using amorphous magnetic alloys is proposed to generate isolated and balanced multiple DC supplies for all of the H-bridge inverter cells of the medium voltage MMC inverter. It overcomes common mode and voltage imbalance problems. Two alloys, 2605S3A and 2605SA1, were used in the study, and their B-H loops and specific core losses were analysed. The results show that magnetic alloy 2605S3A has a slightly narrower B-H loop and lower specific core loss at the frequency between 1 and 20 kHz than that of alloy 2605SA1 and is suitable for the magnetic-link for medium voltage inverter. 
